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Abstract Soil-borne plant pathogens such as Rhizoctonia solani (Kuhn), Pythium 9 
ultimum (Trow) and Sclerotinia trifoliorum (Eriks) can reduce grass and forage 10 
legume establishment. The potential for biocontrol of these pathogens by 11 
Trichoderma fungi was evaluated. Following dual culture assays, nine Trichoderma 12 
isolates (five of T. atroviride and one each of T. hamatum, T. koningiopsis, T. viride 13 
and T. virens) were chosen for assessment in pot experiments. In the presence of R. 14 
solani, perennial ryegrass (Lolium perenne L.) emergence was increased by 60-150% 15 
by two isolates of T. atroviride and by 35-212% by the isolate of T. virens, with the 16 
increase depending on growing medium and amount of pathogen inoculum. Red 17 
clover (Trifolium pratense L.) emergence in the presence of S. trifoliorum was 18 
significantly increased by two T. atroviride isolates and the T. hamatum isolate. In 19 
the presence of P. ultimum, white clover (Trifolium repens L.) emergence was 20 
increased by 25-42% by one isolate of T. atroviride and the T. hamatum isolate. 21 
However, for all three pasture species, some Trichoderma isolates reduced seedling 22 
emergence. Seedling growth (shoot and root fresh weight/plant) of the three 23 
pasture species was significantly increased by one or more T. atroviride isolates. On 24 
the basis of these results for both disease reduction and growth promotion, four T. 25 
atroviride isolates were selected for field assessment as biocontrol agents of soil-26 
borne pathogens of pasture species. 27 
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1. Introduction 48 
 49 
Soil-borne plant pathogens can be major biological constraints to pasture 50 
establishment (Falloon, 1985; Skipp & Watson, 1996) and production (Falloon & 51 
Fletcher, 1983; O’Rourke et al., 2009). In New Zealand, soil-borne pathogens 52 
commonly-associated with diseases of grass and forage legume seedlings include 53 
Rhizoctonia solani (Kuhn), Pythium ultimum (Trow) (Skipp & Watson, 1996) and 54 
Sclerotinia trifoliorum Eriks (Skipp & Hampton, 1996). R. solani and P. ultimum can 55 
reduce establishment of grasses and legumes (Skipp & Christensen 1989a,b; Waipara 56 
et al.,1996; Sarathchandra et al., 2000). In perennial ryegrass (Lolium perenne L.) 57 
these pathogens usually infect the seed or seedling prior to emergence (pre-58 
emergence damping off – Falloon, 1985). In white (Trifolium repens L.) and red (T. 59 
pratense L.) clovers, S. trifoliorum initially causes brown leaf lesions before infection 60 
spreads to the stems and shoots, eventually killing the plant (Harvey and Harvey 61 
2009). However, data for seedling losses are not readily available, primarily because 62 
in the field they have been difficult to define and quantify as damage frequently 63 
results from complex interactions among several soil-borne pathogens (Skipp & 64 
Watson, 1996). 65 
 66 
While pasture seeds can be fungicide treated to combat damping-off (Charlton & 67 
Stewart, 2000), the use of fungicides to control sclerotinia rot is not considered to be 68 
cost effective (Harvey and Harvey 2009), and while Falloon (1980, 1981) 69 
recommended fungicide seed treatment, Latch (1996) considered that it was 70 
uneconomic to use fungicides to control pathogens in New Zealand pastures. 71 
However, biocontrol may offer an alternative strategy for New Zealand’s pastoral 72 
farmers, as Skipp and Hay (1993) and Waipara (2000) suggested that the soil-borne 73 
fungus Trichoderma may have potential for control of damping-off diseases in 74 
pasture. Commercial Trichoderma-based products are available for biological control 75 
of soil-borne diseases in vegetables (Stewart, 2001). 76 
 77 
The development of new biocontrol products against plant diseases requires 78 
screening of a high number of candidate antagonists which have to fulfil many 79 
requirements to be commercially successful (Kohl et al., 2011). The objective of this 80 
research was to identify New Zealand Trichoderma isolates able to improve seedling 81 
establishment in the presence of soil-borne pathogens and/or enhance seedling 82 
growth of pasture species important to New Zealand, specifically perennial ryegrass 83 
and white and red clover. 84 
 85 
 86 
 87 
2. Materials and methods 88 
 89 
Screening of Trichoderma isolates. 90 
 91 
One hundred Trichoderma isolates from the Bio-Protection Research Centre’s 92 
collection were included in dual culture assays (Ghaffar, 1969) with pairings against 93 
three pathogens viz R. solani, P. ultimum and S. trifoliorum. Isolates of these 94 
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pathogens were sourced from the Lincoln University microbial culture collection. 95 
Nine of these isolates which produced an antagonist ‘B’ type interaction (growing 96 
margins of the two colonies meet, pathogen growth inhibited and/or overgrown by 97 
the Trichoderma isolate) or ‘D’ type interaction (pathogen inhibited at a distance 98 
leaving a zone of inhibition (Ghaffar, 1969)) were chosen for use in pot experiments. 99 
Five of these Trichoderma isolates (LU 132, LU 140, LU 584, LU 633, LU 634) were T. 100 
atroviride, and one each were T. hamatum (LU 740), T. koningiopsis (LU 713), T. 101 
viride (LU 644), and T. virens (LU 540). 102 
 103 
Production and application of Trichoderma inoculum 104 
 105 
Trichoderma isolates were grown in sterile wheat bran and peat. Seventy-five grams 106 
of wheat bran and 25 g of sieved peat were added to each of 18 (two flasks/isolate) 107 
500 ml flasks. The flasks were autoclaved at 121oC and 15 psi for 20 min on two 108 
consecutive days. The sterile medium was inoculated with five colonised agar 109 
plugs/flask, taken from the actively growing edge of a 5 day-old Trichoderma colony. 110 
For all the pot experiments described next, 1 g of colonized wheat bran/peat for 111 
each Trichoderma isolate (approx. 2-3 x 108 cfu/g) was added to 400 g of plant 112 
growing medium for each pot (see below) just prior to seed sowing. This gave a 113 
concentration of 1 x 106 cfu/g plant growing medium. 114 
 115 
Preparation of pathogen inoculum 116 
 117 
Rhizoctonia solani 118 
Fifty grams of wetted wheat bran (2 parts bran: 1 part water) in each of six 250 ml 119 
flasks was autoclaved at 121oC and 15 psi for 20 min on two consecutive days. Sterile 120 
wheat bran was inoculated with five colonised agar plugs taken from the actively 121 
growing edge of a 3-day-old R. solani colony grown on PDA in the dark. Each flask 122 
was incubated at 20oC in the dark for 12 d. 123 
 124 
Sclerotinia trifoliorum 125 
S. trifoliorum was grown on sterile wheat grains. One hundred grams of wheat grain 126 
moistened with 240 ml deionised water was added to each of three 500 ml flasks 127 
which were then autoclaved at 121oC at 15 psi for 20 min on two consecutive days. 128 
Once cool, the sterile wheat grains were inoculated with five colonised agar plugs 129 
taken from the actively growing edge of a 4-day-old S. trifoliorum culture grown on 130 
PDA at 20oC in the dark. The flasks were incubated at 20oC for 14 d in the dark. 131 
 132 
 133 
 134 
Pythium ultimum 135 
P. ultimum was grown on sterile white clover roots. One hundred grams of roots 136 
were added to each of two 250 ml flasks. The flasks were autoclaved at 121oC and 15 137 
psi for 20 min. Once cool, the sterile roots in each flask were inoculated with five 138 
colonised agar plugs taken from the actively growing edge of a 3 day old culture 139 
grown on PDA. Flasks were then incubated at 20oC for 14 d in the dark. The P. 140 
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ultimum oospore colonised roots were homogenised in a blender by adding an equal 141 
volume of deionised water.  142 
 143 
Pot experiments 144 
Rhizoctonia solani/perennial ryegrass 145 
The first pot experiment used plant growthing medium (composted pine bark (80%); 146 
pumice 1-4 mm grade (20%); 5 kg m-3 slow release fertiliser comprising 1 kg m-3 147 
horticultural lime, 1 kg m-3 hydraflo wetting agent, and 3 kg m-3 osmocote extract 148 
[16N-35P-10K]), with 400 g of this medium being placed in each pot. A preliminary 149 
experiment had determined that 2 g R. solani colonised wheat bran added to each 150 
pot resulted in approximately 50% of the emerged perennial ryegrass seedlings 151 
damping off (Table 1), and this was the inoculum rate used in the subsequent 152 
experiments. There were 11 treatments, the nine Trichoderma isolates (Table 21) 153 
challenged by R. solani, a pathogen control and an uninoculated control. All 154 
treatments except the two controls were replicated four times, while each control 155 
treatment was replicated eight times. Forty perennial ryegrass seeds were sown in 156 
each pot at a depth of 5-6 mm. Pots were arranged in a completely randomized 157 
block design on tables in a glasshouse which was maintained at an average 158 
temperature of 20oC for the duration of the experiment. The pots were watered 159 
using overhead irrigation as required. 160 
 161 
Fifteen days after sowing (DAS) seedling emergence was recorded. For each pot, at 162 
least one non-emerged seed or seedling was retrieved, surface sterilised in 1% 163 
NaOCI for 2 min followed by rinsing twice in sterile distilled water, and then plated 164 
onto PDA. In all cases R. solani grew from these non-emerged seeds or seedlings. At 165 
8 weeks after sowing, all plants from each pot were carefully removed, washed to 166 
remove potting mix, dried between paper towels and fresh weight of roots and 167 
shoots was recorded. 168 
 169 
For the second pot experiment, a Wakanui silt loam soil naturally infested with R. 170 
solani was sourced from Lincoln University. A preliminary experiment using three 171 
soil: pumice dilutions (3:1, 2:2, 1:3) showed the 1:3 dilution produced approximately 172 
50% damping off of emerged seedlings, and this rate was used for the experiment. 173 
For each pot, 500 g soil (sieved to 2 mm) and pumice mixture were used. Three 174 
Trichoderma isolates (LU 132, LU 140, LU 540, chosen based on the results in plant 175 
growth medium; Table 21) were assessed after having been prepared and added to 176 
the soil as previously described. There were nine treatments (Table 32), as the three 177 
Trichoderma isolates were challenged in naturally infected soil, and also in the same 178 
soil inoculated with R. solani at the same rate as for the plant growth medium 179 
experiment described above. Each treatment was replicated ten times. Seed sowing, 180 
glasshouse environment and experimental design were also as previously described. 181 
Seedling emergence was recorded 21 DAS, and 7 weeks after sowing, all plants per 182 
pot were cut at ground level and shoot fresh weights were recorded. 183 
 184 
Sclerotinia trifoliorum / red clover 185 
The first pot experiment for this pathogen/host system used the plant growth 186 
medium mix described previously. Twelve grams of S. trifoliorum colonised wheat 187 
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grains were thoroughly mixed with 400 g plant growth medium in each of 48 pots. A 188 
preliminary experiment had determined that this rate provided approximately 50% 189 
of plants with sclerotinia rot in the disease control treatment (Table 1). There were 190 
eleven treatments (Table 43); the nine Trichoderma isolates challenged by S. 191 
trifoliorum, a pathogen control and an uninoculated control, all of which were 192 
replicated eight times. Forty red clover seeds were sown in each pot at a depth of 5-193 
6 mm. Treatment randomisation and glasshouse conditions were as described 194 
previously for the perennial ryegrass experiments. 195 
 196 
Twenty one DAS, seedling emergence was recorded and 7 weeks after sowing shoot 197 
weights and disease scores (where 1 = no symptoms evident, to 5 = seedling severely 198 
diseased) were recorded for each pot. 199 
 200 
The second pot experiment used a Wakanui silt loam soil naturally infested with S. 201 
trifoliorum sourced from Lincoln University. A 3:1 soil-pumice dilution was used. 202 
There were two sets of treatments (Table 54) involving four Trichoderma isolates (LU 203 
140, LU 634, LU 740, LU 644) chosen based on the results in plant growth medium 204 
(Table 43). The four isolates were challenged in naturally infected soil and also in 205 
field soil inoculated with S. trifoliorum at the same rate as for the plant growth 206 
medium experiment (described above). Each treatment was replicated eight times. 207 
Seed sowing, glasshouse environment and experimental design were also as 208 
previously described. Seedling emergence was recorded 21 DAS, and shoot weight 209 
and disease score recorded at 7 weeks after sowing. 210 
 211 
Pythium ultimum / white clover 212 
The first experiment used 400 g plant growth medium/pot to which 0.8 ml inoculum 213 
was added and mixed thoroughly. This level was based on a preliminary experiment 214 
which determined that this rate of inoculum resulted in approximately 50% diseased 215 
seedlings (Table 1). The 11 treatments were the same as for the red clover 216 
experiment, except that the pathogen challenge was P. ultimum (Table 65). Each 217 
treatment was replicated ten times. Seed sowing, glasshouse environment, 218 
experimental design and assessments were as described for red clover (above). 219 
 220 
Growth promotion by Trichoderma 221 
For perennial ryegrass, red clover and white clover, the nine Trichoderma isolates 222 
were added to pathogen-free plant growth medium (Table 76) as previously 223 
described. The inoculum rate, seed sowing, glasshouse environment, experimental 224 
design and assessments were as described for the pathogen challenge experiments. 225 
 226 
A second growth promotion experiment using only perennial ryegrass and three 227 
formulations of one Trichoderma isolate (LU 584) was also conducted in plant 228 
growth medium (Table 87). The three Trichoderma treatments were colonised wheat 229 
bran plus peat (2.3 x 107 cfu/g), a seed coating (1 x 107 cfu/g seed) and a proprietary 230 
granule supplied by AgResearch Ltd (2.5 x 107 cfu/g granule) applied to the plant 231 
growth medium at a rate equivalent to 30 kg/ha. Each treatment was replicated ten 232 
times. Seed sowing, glasshouse environment and experimental design were as 233 
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previously described. Seedling emergence was recorded 15 DAS and shoot weights 234 
from each pot determined at 8 weeks. 235 
 236 
Statistical analysis 237 
 238 
All data were subjected to a one way ANOVA with a probability level of P<0.05 used 239 
for mean separation using Fisher’s unprotected LSD test. 240 
 241 
3. Results 242 
 243 
Disease Control 244 
 245 
Rhizoctonia solani / perennial ryegrass 246 
In the plant growth medium, emergence in the no pathogen control was 86% but the 247 
presence of the pathogen reduced emergence to 38% (Table 21). Three of the 248 
Trichoderma isolates (LU 132, LU 140 and LU 540) significantly increased emergence 249 
over that of the pathogen control (Table 21), but their emergence was lower than 250 
from that of the uninoculated control. However emergence for LU 584, LU 633, LU 251 
740 and LU 713 was significantly lower than that of the pathogen control (Table 21). 252 
Shoot and root fresh weight per pot did not differ between the two controls, but LU 253 
584 and LU 633 produced greater shoot fresh weights than the pathogen control 254 
(Table 21). Treatment with LU 584 and LU 633 also significantly increased shoot dry 255 
weight per pot compared with the control, but only LU 633 increased root weight 256 
per plant. LU 740 and LU 713 had lower root fresh weights per pot than the 257 
pathogen control. No post-emergence damping off of seedlings in any of the 258 
treatments was recorded. 259 
 260 
In soil naturally infested by R. solani, seedling emergence was significantly lower 261 
(50%) than that of the potting mix control or LU140 (both 80%, Table 32A). The other 262 
two isolates did not significantly increase emergence. When this field soil was 263 
inoculated with the pathogen, both LU 140 and LU 540 increased seedling 264 
emergence over that of the R. solani control (Table 32B). Shoot fresh weight per pot 265 
was increased by LU 140 and LU 540 incorporated into naturally infested field soil 266 
(Table 32A), and all three isolates increased shoot fresh weight when the naturally 267 
infested soil was inoculated with R. solani (Table 32B). Shoot fresh weight per plant 268 
was not increased by any of the isolates in either soil type (Table 32A, 32B). All 269 
seedlings were healthy in all the treatments. 270 
 271 
Sclerotinia trifoliorum / red clover 272 
In plant growth medium, seedling emergence was low for all treatments (range 42-273 
61%) and did not differ between the two controls (Table 43). One isolate, LU584 274 
significantly increased emergence over that of the pathogen control. Five isolates 275 
(LU 140, LU 634, LU 740, LU 713, LU 644) increased shoot fresh weight per pot over 276 
that of the pathogen control, and one (LU 740) had a higher shoot weight per pot 277 
and per plant than the no pathogen control (Table 43). LU 140, LU 634, LU 740 and 278 
LU 644 all had higher shoot weights per plant than the pathogen control. All the 279 
isolates significantly reduced the disease score compared with the pathogen control, 280 
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with LU 140, LU 634, LU 740 and LU 644 not differing significantly from the 281 
pathogen-free control. 282 
 283 
In soil naturally infested with S. trifoliorum, seedling emergence was only 10%, and 284 
while LU 140 and LU 634 had a significantly greater emergence, it was still only 285 
around 20% (Table 54A). S. trifoliorum significantly reduced shoot fresh weight per 286 
pot compared with that of the plant growth medium control but none of the isolates 287 
increased shoot weight (per pot or per plant) over that of the field soil control. 288 
Disease score for all the isolates was significantly greater than that for the plant 289 
growth medium, but apart from LU 644, was significantly lower than that for the 290 
field soil control (Table 54A). When S. trifoliorum was inoculated into the naturally 291 
infested field soil, very few seedlings emerged (range 4 to 9 per pot, Table 54B). LU 292 
634 and LU 740 gave a small, but significant, increase in emergence, and LU 740 also 293 
increased shoot fresh weight per pot but not per plant (Table 54B). Disease score 294 
was significantly reduced by all the isolates except LU 140 (Table 54B). 295 
 296 
Pythium ultimum / white clover 297 
In plant growth medium, emergence was 88% for the no pathogen control but only 298 
59% in the presence of the pathogen (Table 65). Only two isolates, LU 633 and LU 299 
740 gave increased emergence in the presence of the pathogen. LU 634 increased 300 
shoot fresh weight per pot and per plant over that of the pathogen control, but this 301 
was still substantially less than that of the no pathogen control (Table 65). Two 302 
isolates (LU 634 and LU 740) significantly reduced the disease score compared with 303 
that of the pathogen control, but disease scores for the other seven isolates were 304 
not reduced (Table 65). 305 
 306 
Growth Promotion 307 
 308 
Four isolates (LU 634, LU 740, LU 713 and LU 644) significantly reduced perennial 309 
ryegrass seedling emergence from that of the control (Table 76), but the mean 310 
number of seedlings per pot only fell from 34 (control) to 30 or 31 (data not 311 
presented). LU 584 and LU 633 produced large increases (178 and 172%) in shoot 312 
fresh weight per plant and also in root fresh weight per plant (100 and 86%; Table 313 
76). 314 
 315 
Emergence of red and white clover seedlings was not affected by the presence of the 316 
Trichoderma isolates with the exception of LU 140 which slightly reduced white 317 
clover emergence (Table 76, from 36 down to 32 seedlings per pot). Similarly, shoot 318 
fresh weight per plant was not significantly affected by the isolates for both species, 319 
with the one exception of LU 584 which gave an increase in red clover shoot fresh 320 
weight per plant (Table 76). 321 
 322 
Perennial ryegrass seedling emergence for the three T. atroviride LU584 application 323 
methods did not differ from that in the plant growth medium control, but only the 324 
wheat bran treatment increased shoot weight per plant (Table 87). 325 
 326 
4. Discussion 327 
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 328 
Fungal pathogens present in New Zealand soils can kill seedlings of forage plants, 329 
thus causing poor establishment (Falloon, 1981, Skipp & Watson, 1987). Initially this 330 
was demonstrated through experiments with fungicide seed treatments which 331 
improved establishment of ryegrasses (Lolium spp.) and red clover (T. pratense L.) 332 
(Falloon, 1980; Skipp et al., 1986). Skipp and Watson (1996) listed fungal pathogens 333 
of grass and forage legume species in New Zealand including R. solani, P. ultimum 334 
and S. trifoliorum, but noted that it was often difficult to define and quantify losses 335 
caused by these pathogens because more than one may be involved. Skipp et al. 336 
(1986) did record a 30% reduction in red clover emergence in a field soil naturally 337 
infested with Pythium spp. (primarily P. ultimum). In the current plant growth 338 
medium experiments, R. solani reduced perennial ryegrass seedling emergence by 339 
57%, S. trifoliorum reduced red clover seedling emergence by 17%, and P. ultimum 340 
reduced white clover seedling emergence by 31%. As the pathogen inoculum levels 341 
added to the potting mix were chosen to produce approx. 50% seedling death, these 342 
results were as expected for perennial ryegrass and white clover, but lower than 343 
expected for red clover, although the pathogen did increase the disease score of 344 
emerged seedlings. However, in comparisons between seedling emergence of seeds 345 
sown into field soil known to contain the pathogens and those sown into sterile plant 346 
growth medium, inoculation with R. solani reduced perennial ryegrass emergence by 347 
38% and inoculation with S. trifoliorum reduced red clover emergence by 78%. 348 
 349 
These results, and those of Skipp et al. (1986), were obtained from a glasshouse 350 
maintained at around 20oC where pots were regularly watered to avoid moisture 351 
stress. They are therefore somewhat removed from a field situation, where average 352 
10 cm soil temperature at sowing in New Zealand in autumn and spring is from 8-353 
14oC depending upon location (Hampton et al., 1987), and soil moisture contents 354 
may vary considerably. Such conditions exert more stress on seeds as germination 355 
may decrease and time to emergence increase as soil temperature decreases 356 
(Charlton et al., 1986), thus potentially allowing more time for pathogen attack. 357 
Pathogen activity will also be affected by soil temperature, but “cold preferring 358 
isolates” of R. solani are active at 13oC or less (Doornik, 1981) and S. trifoliorum can 359 
sporulate at 5-10oC (Raynal, 1990). Damping-off caused by P. ultimum can occur at 360 
10oC or less (Martin & Loper, 1999) and Falloon (1985) reported that Pythium spp. 361 
were more virulent at 7.5oC than at higher temperatures. 362 
 363 
The success of seedling emergence of pasture species depends on many factors 364 
including seed lot quality, method and time of sowing, depth of sowing, soil type, 365 
previous cropping history, water availability, the presence of soil pests and the 366 
presence of soil-borne pathogens. Fungal soil-borne pathogens have the potential to 367 
cause significant establishment problems. The present study has demonstrated that 368 
in the presence of R. solani, perennial ryegrass seedling emergence was increased by 369 
60-150% by two isolates of T. atroviride (LU 132, LU 140) and by 35-212% by the 370 
isolate of T. virens (LU 540). These increases depended on growing medium and 371 
inoculum level. The isolates of T. hamatum and T. viride, for which species Lewis et 372 
al. (1996), Bailey and Gilligan (1997) and Naeimi et al. (2010) had reported strains 373 
with activity against R. solani, did not increase seedling emergence. Lumsden and 374 
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Locke (1989) increased Zinnia elegans plant stand by reducing damping off caused by 375 
R. solani following the addition of Gliocladium (Trichoderma) virens to the growing 376 
medium, while T. atroviride (formerly T. harzianum) biocontrol of R. solani has been 377 
reported by a number of authors (Lewis et al.,1996; Ha, 2010; Naeimi et al., 2010; U-378 
Rehman et al., 2012). U-Rehman et al. (2012) for example reported a 14% increase in 379 
cauliflower emergence and a 64% decrease in post-emergence damping off caused 380 
by R. solani for an isolate of T. atroviride. Isolates of T. atroviride have been shown to 381 
parasitise fungi such as R. solani (Grinyer et al., 2005) through the ability to release 382 
cell wall-degrading enzymes and antibiotics (Lorito et al., 1994, 1996). 383 
 384 
The red clover emergence data recorded in the present study were poor, even for 385 
the plant growth medium control, primarily because a low vigour seed lot was used. 386 
Despite this, when challenged by S. trifoliorium, two isolates of T. atroviride (LU 584, 387 
634) and the T. hamatum isolate (LU 740) gave a small but statistically significant 388 
increase in emergence. No reports are available for the use of Trichoderma spp. for 389 
biocontrol of S. trifoliorum, but all the isolates used here reduced seedling disease 390 
score, indicating bioactivity. Most research and commercial production has focussed 391 
on biocontrol of S. sclerotiorum (Verma et al., 2009). The mechanism by which T. 392 
atroviride isolates control this pathogen is likely to be through mycoparasitism of 393 
hyphae or sclerotia (Inbar et al., 1994; Jones & Stewart, 2000). An isolate of T. 394 
hamatum has also been shown to reduce S. minor and S. sclerotiorum infection in 395 
lettuce and cabbage, respectively (Rabeendran et al., 2006; Jones et al., 2014) with 396 
the mechanism of action likely to be either through protection of the host 397 
rhizosphere from myceliogenic infection or induced resistance to protect from 398 
ascospore infection of above ground host tissues. 399 
 400 
When challenged by P. ultimum, one isolate of T. atroviride (LU 633) and one of T. 401 
hamatum (LU 740) increased white clover seedling emergence by 25-42%. A 402 
reduction in pre-and post-emergence damping off caused by P. ultimum has been 403 
previously reported for isolates of T. atroviride/harzianum (Lumsden et al., 1990; 404 
Chen et al., 2005; Siameto et al., 2010), and T. hamatum, T. viride and T. virens 405 
(Harman et al., 1981; Ha, 2010). Trichoderma spp. can aggressively attack and kill P. 406 
ultimum mycelia (Harman, 2000; Yang et al., 2004), and also produce antibiotic 407 
compounds which inhibit Pythium growth (Abdollahi et al., 2012) as was noted in the 408 
preliminary dual culture assays of the present study (Kandula, unpublished data). 409 
Trichoderma may also compete with this pathogen on the host surfaces or induce 410 
host resistance (Harman, 2000). 411 
 412 
For perennial ryegrass, seedling emergence in the presence of R. solani was reduced 413 
by the T. hamatum (LU 740) and T. koningiopsis (LU 713) isolates, and in the absence 414 
of the pathogen by these two isolates plus the T. viride (LU 644) and one of the T. 415 
atroviride (LU 634) isolates. Trichoderma spp. produce numerous secondary 416 
metabolites with biological activity which can enhance plant growth (Harman et al., 417 
2004). However, some strains can produce phytotoxins which can reduce plant 418 
growth. For example, strains of T. virens produce the phytotoxin viridiol, which when 419 
placed in close proximity to the seeds, can reduce emergence (Howell & Stipanovic, 420 
1994). This compound causes severe necrosis of the radicle and subsequent seedling 421 
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death (Jones et al.,1988). The T. virens isolate used in the present study did not 422 
reduce seedling emergence. The reason(s) for the recorded reductions in emergence 423 
by the four isolates were not determined in this study. 424 
 425 
In the presence of R. solani, two T. atroviride isolates (LU 584, LU 633) increased 426 
perennial ryegrass shoot fresh weight. In the absence of the pathogen, T. atroviride 427 
(LU 633) increased shoot fresh weight. Care should be exercised when interpreting 428 
pot experiment results for plant growth promotion by Trichoderma spp. Results 429 
expressed per pot may not reflect any growth promotion effects if the increase 430 
recorded can be explained by fewer seedlings and decreased competition for 431 
resources, thereby allowing increased individual seedling growth. For T. atroviride 432 
isolates LU 584 and LU 633, the number of emerged seedlings was lower than that of 433 
the R. solani control, indicating a growth promotion response. This was verified by 434 
the data for shoot and root fresh weight per seedling which were increased by these 435 
isolates in both the presence and absence of the pathogen. Trichoderma isolates 436 
producing increases in shoot fresh weight per plant in the presence of the pathogen 437 
for red and white clover differed from those which produced a similar response in 438 
perennial ryegrass viz T. atroviride (LU 140, LU 634), T. hamatum (LU 740), T. 439 
koningiopsis (LU 713) and T. viride (LU 644). In the absence of S. trifoliorum, only LU 440 
584 increased shoot fresh weight per plant in red clover, and only T. hamatum (LU 441 
740) increased white clover growth in the absence of the pathogen. Mechanisms for 442 
growth promotion are probably multiple (Harman et al., 2004) and may include 443 
reduced activity of deleterious root microflora, inactivation of toxic compounds in 444 
the root zone, solubilisation of nutrients in the soil, increased nutrient uptake, 445 
improved nutrient use efficiency, increased resistance to abiotic stresses and the 446 
production of auxin-like compounds (Harman et al., 2004). Although specific 447 
mechanisms for plant growth promotion were not assessed in the present study, it is 448 
likely that one or a combination of these mechanisms were responsible. As is the 449 
case in many studies, this effect was restricted to observations of improved plant 450 
growth with no indication of the possible mechanisms involved (Whipps, 2001). 451 
 452 
The most useful Trichoderma strains for disease control and growth promotion are 453 
those that are rhizosphere-competent which have the ability to colonise and grow in 454 
association with plant roots (Harman, 2000). This requires delivery mechanisms 455 
which allow development of this close association between biocontrol agents and 456 
host plants. For the nursery industry, incorporation of Trichoderma into plant 457 
growing media before sowing achieves this result (Harman et al., 2004), but for field 458 
use, Trichoderma must be introduced at the time of seed sowing. Possible methods 459 
for this include seed coating or granules (Kandula et al. 2008), neither of which 460 
negatively affected perennial ryegrass seedling emergence or shoot fresh weight in 461 
the plant growth medium experiment. 462 
 463 
As noted by Howell (2003), the production and activities of the enzymes and 464 
antibiotics associated with biocontrol and growth promotion by Trichoderma spp. 465 
are profoundly affected by soil temperature, the presence and activities of other soil 466 
microflora, the pathogen challenge, and soil types. While screening putative 467 
antagonists in pots containing test plants and pathogens probably increases the 468 
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chances of selecting active agents (Knudsen et al., 1997), field studies are essential 469 
to confirm their efficacy. Using the Trichoderma activity summary data presented in 470 
Table 98, four T. atroviride isolates (LU 132, LU 140, LU 584, LU 633) were selected 471 
for field assessment as a mixture prototype product (Chohan et al., 2010) on the 472 
assumption that multiple biocontrol agents as mixtures will provide a greater chance 473 
of success in a field environment (Stewart, 2001). 474 
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Table 1. Effect of different inoculum concentrations (g or mL/pot in 400g plant growth 712 
medium) of three different root pathogens on seedling emergence of three different pasture 713 
species in experiments to determine inoculum thresholds. 714 
Rhizoctonia solani a /  
Perennial ryegrass 
Sclerotinia trifoliorum b /  
Red clover 
Pythium ultimum c / 
White clover 
Inoculum 
concentration 
g/pot 
Seedling 
emergence d 
(%) 
Inoculum 
concentration 
g/pot 
Seedling 
emergence d 
(%) 
Inoculum 
concentration 
ml/pot 
Seedling 
emergence d 
(%) 
0 90 (5.4) 0 79 (6.9) 0 91 (4.8) 
1 73 (5.5) 3 70 (8.9) 0.4 77 (14.8) 
2 52 (11.1) 6 62 (8.9) 0.8 51 (7.5) 
4 28 (4.3) 12 51 (5.9) 1.6 23 (10.6) 
8 11 (5.5) 24 20 (7.4) 3.2 7 (4.3) 
a R. solani colonised wheat-bran; b S. trifoliorum colonised wheat grains; chomogenised roots 715 
colonised with P. ultimum oospores; d40 seeds sown/pot. Mean values of four replicates are 716 
shown with standard deviation in parenthesis. 717 
 718 
 719 
 720 
 721 
Table 2. Effect of nine Trichoderma isolates on perennial ryegrass seedling 722 
emergence and shoot fresh weight and root dry weight when grown in plant growth 723 
medium inoculated with Rhizoctonia solani. 724 
Treatment Number of  Shoot weight Root weight 
 seedlings 
emergeda 
g/pot g/plant g/pot g/plant 
Control (no pathogen) 35  8.0  0.23  3.9  0.11  
Control (+ R. solani) 15  5.7  0.38  2.6  0.17  
LU 132 29  9.2  0.32  4.2  0.14  
LU 140 28  8.1  0.29  3.2  0.11  
LU 584 6  11.3 2.06  1.8  0.27  
LU 633 6  15.8 2.84  3.0  0.48  
LU 634 10 4.5  0.44  1.8  0.18  
LU 740 3  2.1  0.50  0.6  0.13  
LU 713 4  2.0  0.32  0.8  0.10  
LU 540 27 7.4  0.27  3.7  0.14  
LU 644 12 6.5  0.56  2.8  0.23  
LSD (P<0.05)      
Between isolates 3.3 2.7 0.35 1.19 0.09 
Isolates vs control 4.5 3.7 0.47 1.61 0.12 
Between controls 4.7 3.8 0.49 1.69 0.13 
aout of 40 seeds sown per pot 725 
 726 
 727 
 728 
 729 
 730 
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Table 3. Effect of three Trichoderma isolates on perennial ryegrass seedling 731 
emergence and shoot fresh weight when grown in field soil containing (A) natural 732 
Rhizoctonia solani infestation and (B) natural infestation plus inoculated infestation. 733 
Treatment Number of  Shoot weight 
 seedlings 
emergeda 
g/pot g/plant 
A.    
 Control (plant growth medium) 32 c 12.2 c 0.38 b 
 Control (field soil) 20 ab 3.5 a 0.18 a 
 LU 132 18 a 4.1 ab 0.23 ab 
 LU 140 32 c 5.3 b 0.17 a 
 LU 540 27 bc 4.9 b 0.22 a 
LSD (P<0.05) 7.1 1.3 0.13 
    
B.    
 Control (field soil + R. solani) 8 a 1.8 a  0.20 a 
 LU 132 13 ab 3.8 b  0.30 a 
 LU 140 20 bc 4.9 bc  0.32 a 
 LU 540 25 c 5.8 c  0.24 a 
LSD (P<0.05) 7.3 1.6 0.17 
aout of 40 seeds sown per pot 734 
Mean values followed by a different letter in the columns indicate significant   735 
differences according to Fisher’s unprotected LSD test. 736 
 737 
Table 4. Effect of nine Trichoderma isolates on red clover seedling emergence, shoot 738 
fresh weight and disease score when grown in plant growth medium inoculated with 739 
Sclerotinia trifoliorum.  740 
Treatment Number of  Shoot weight Disease Scoreb 
 seedlings emergeda g/pot g/plant  
Control (no pathogen) 23 bc 8.8 de 0.38 bc 1.0 a 
Control (+ S. trifoliorum) 19 ab 3.6 a 0.19 a 3.0 d 
 LU 132 21 abc 4.5 ab 0.23 a 1.8 bc 
 LU 140 22 bc 7.9 cd 0.38 bc 1.1 a 
 LU 584 25 c 5.0 ab 0.20 a 2.1 c 
 LU 633 17 a 5.0 ab 0.30 ab 2.0 c 
 LU 634 21 abc 10.6 ef 0.51 cd 1.1 a 
 LU 740 23 bc 11.6 f 0.53 d 1.1 a 
 LU 713 21 abc 6.3 bc 0.30 ab 2.3 c 
 LU 540 21 abc 4.5 ab 0.22 a 2.1 c 
 LU 644 20 ab 8.3 cd 0.43 bcd 1.3 ab 
LSD (P<0.05) 4.5 2.2 0.14 0.6 
aout of 40 seeds sown per pot 741 
bwhere 1 = no evidence of disease and 5 = severely diseased 742 
Mean values followed by a different letter in the columns indicate significant 743 
differences according to Fisher’s unprotected LSD test. 744 
 745 
 746 
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Table 5. Effect of four Trichoderma isolates on red clover seedling emergence, shoot 747 
fresh weight and disease score when grown in field soil containing (A) natural 748 
Sclerotinia trifoliorum infestation and (B) natural infestation plus inoculated 749 
infestation.  750 
Treatment Number of  Shoot weight Disease Scoreb 
 seedlings 
emergeda 
g/pot g/plant  
A.     
 Control (plant growth medium) 19 c 17.1 c 0.90 ab 1.0 a 
 Control (field soil) 4 a 4.3 ab 1.08 ab 3.8 d 
 LU 140 9 b 7.1 b 0.78 ab 2.5 bc 
 LU 634 8 b 6.4 ab 0.80 ab 2.6 bc 
 LU 740 7 ab 7.5 b 1.07 b 2.3 b 
 LU 644 6 ab 3.8 a 0.63 a 3.3 cd 
LSD (P<0.05) 3.5 3.2 0.39 0.8 
B.     
 Control (field soil +  
 S. trifoliorum) 
4 a 2.8 a 0.70 a 4.1 c 
 LU 140 4 a 3.9 ab 0.97 a 3.2 bc 
 LU 634 9 b 6.1 ab 0.67 a 2.6 ab 
 LU 740 9 b 6.7 b 0.74 a 2.0 a 
 LU 644 8 ab 5.5 ab 0.69 a 2.6 ab 
LSD (P<0.05) 4.4 3.4 0.49 0.9 
aout of 40 seeds sown per pot 751 
bwhere 1 = no evidence of disease and 5 = severely diseased 752 
Mean values followed by a different letter in the columns indicate significant 753 
differences according to Fisher’s unprotected LSD test. 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
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Table 6. Effect of nine Trichoderma isolates on white clover seedling emergence, 774 
shoot fresh weight and disease score when grown in plant growth medium 775 
inoculated with Pythium ultimum.  776 
Treatment Number of Shoot Weight Disease Scoreb 
 seedlings emergeda g/pot g/plant  
Control (no pathogen) 35 e 11.9 e 0.34 d 1.0 a 
Control (P. ultimum) 24 ab 3.2 abc 0.13 ab 3.3 de 
 LU 132 25 abc 3.7 abcd 0.13 ab 3.0 cd 
 LU 140 21 a 1.4 a 0.07 a 4.0 e 
 LU 584 29 bcd 3.1 ab 0.10 ab 3.2 de 
 LU 633 30 cde 4.1 abcd 0.14 ab 2.8 bcd 
 LU 634 26 abc 6.4 d 0.25 c 2.1 bc 
 LU 740 34 de 5.9 cd 0.18 bc 1.9 ab 
 LU 713 27 bc 3.2 abc 0.11 ab 3.3 de 
 LU 540 24 abc 3.9 abcd 0.15 ab 2.9 cd 
 LU 644 28 bc 4.4 bcd 0.16 ab 2.8 bcd 
LSD (P<0.05) 5.9 2.8 0.09 0.9 
aout of 40 seeds sown per pot 777 
bwhere 1 = no evidence of disease and 5 = severely diseased (illustrated in Figure 1) 778 
Mean values followed by a different letter in the columns indicate significant 779 
differences according to Fisher’s unprotected LSD test. 780 
 781 
 782 
 783 
 784 
Table 7. Effect of nine Trichoderma isolates on seedling emergence (seed em.), and 785 
growth promotion in pathogen-free plant growth medium (data expressed as 786 
percentage of the control). 787 
Isolate Perennial ryegrass Red clover White clover 
 Seed Em. Shoot 
weight  
Root 
weight  
Seed Em.  Shoot 
weight  
Seed Em. Shoot 
weight  
LU 132 -9 12 41 -6 5 1 15 
LU 140 -2 10 24 0 10 -11* -13 
LU 584 2 178* 100* 1 33* -3 34 
LU 633 -8 172* 86* 0 2 -2 -24 
LU 634 -15* 33 78 3 -6 -1 -22 
LU 740 -13* 10 2 -5 12 2 -12 
LU 713 -13* 36 23 -8 -8 -1 -8 
LU 540 -9 4 18 -6 19 0 -1 
LU 644 -11* 25 28 -1 15 0 11 
*indicates a significant difference from the control at P<0.05 788 
 789 
 790 
 791 
 792 
 793 
 794 
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Table 8. Effect of application method of Trichoderma atroviride LU 584 on perennial 795 
ryegrass seedling emergence and fresh shoot weight in plant growth medium. 796 
Treatment Number of  Shoot weight 
 seedlings emergeda g/pot g/plant 
Control (no Trichoderma) 34.3 ab 10.3 a 0.30 a 
Wheat bran 34.8 ab 14.3 b 0.42 b 
Seed coat 33.6 a 10.6 a 0.31 a 
Granules 36.2 b 13.3 b 0.37 ab 
LSD P<0.05 2.093 2.0 0.07 
aout of 40 seeds sown per pot 797 
Mean values followed by a different letter in the columns indicate significant 798 
differences according to Fisher’s unprotected LSD test. 799 
 800 
 801 
 802 
 803 
 804 
 805 
 806 
 807 
Table 9.  Summary of seedling disease control activity against specific pathogens and 808 
growth promotion of three pasture species from nine Trichoderma isolates in a 809 
range of pot experiments. 810 
Isolate Disease Control Growth Promotion 
 R.s.a S.t.b P.u.c P.r.d R.c.e W.c.f 
LU 132 (T. atroviride) ++g + h +   
LU 140 (T. atroviride) +++      
LU 584 (T. atroviride)    +++ ++ ++ 
LU 633 (T. atroviride)  + + +++   
LU 634 (T. atroviride)  +++  +   
LU 740 (T. hamatum)  +++ ++    
LU 713 (T. koningiopsis)       
LU 540 (T. virens) +++ +     
LU 644 (T. viride)  +     
aRhizoctonia solani, bSclerotinia trifoliorum, cPythium ultimum, dperennial ryegrass, 811 
ered clover, fwhite clover, gactivity rating: +++ = high, ++ = medium, + = low, hempty 812 
cells indicate a nil response 813 
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Figure 1 (A) Pythium ultimum disease score where 1=no symptoms evident and 825 
5=seedlings severely diseased;  (B)  five representative white clover plants with a 826 
disease score of 1; (C) five representative white clover plants with a disease score of 827 
4. Scale = 50mm 828 
 829 
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